ABSTRACT The vertebrate intestine is home to microbial ecosystems that play key roles in host development and health. Little is known about the spatial and temporal dynamics of these microbial communities, limiting our understanding of fundamental properties, such as their mechanisms of growth, propagation, and persistence. To address this, we inoculated initially germ-free zebrafish larvae with fluorescently labeled strains of an Aeromonas species, representing an abundant genus in the zebrafish gut. Using light sheet fluorescence microscopy to obtain three-dimensional images spanning the gut, we quantified the entire bacterial load, as founding populations grew from tens to tens of thousands of cells over several hours. The data yield the first ever measurements of the growth kinetics of a microbial species inside a live vertebrate intestine and show dynamics that robustly fit a logistic growth model. Intriguingly, bacteria were nonuniformly distributed throughout the gut, and bacterial aggregates showed considerably higher growth rates than did discrete individuals. The form of aggregate growth indicates intrinsically higher division rates for clustered bacteria, rather than surface-mediated agglomeration onto clusters. Thus, the spatial organization of gut bacteria both relative to the host and to each other impacts overall growth kinetics, suggesting that spatial characterizations will be an important input to predictive models of host-associated microbial community assembly. 
spatial and temporal characteristics of the microbes of the gastrointestinal tract in a living organism. Aeromonas veronii is a wellcharacterized (21) microbe of a genus naturally found in the zebrafish gut and a phylum that numerically dominates the zebrafish intestinal community (16) . A. veronii was isolated from leech (22) and serves as a model Aeromonas species due to its genetic tractability. In addition to robustly colonizing the zebrafish intestine, mono-association of zebrafish with A. veronii is sufficient to restore multiple traits of conventional animals in initially germfree fish (3, 17) .
The several-hundred-micron extent of the larval zebrafish gut, the high speed of bacterial motility, the frequency of peristaltic motions, and the many-hour duration of microbial colonization present challenges to live imaging. We overcome these issues using light sheet fluorescence microscopy (23) (also known as selective plane illumination microscopy [SPIM]), whose speed per three-dimensional (3D) image, large field of view, and low phototoxicity have enabled systems-level imaging of a wide variety of biological targets in recent years (24) (25) (26) (27) (28) (29) (30) (31) . Using SPIM, we are able to quantify the bacterial population of the zebrafish intestine during early colonization over a range spanning single microbes to tens of thousands, while also mapping its spatial distribution. Furthermore, we are able to distinguish both discrete individual bacteria and multicellular clusters, and also measure the growth dynamics of these two subpopulations.
We find that during its initial colonization of the zebrafish intestine, A. veronii exhibits a robust population increase characteristic of resource-limited growth, but with clusters of bacteria showing a considerably higher growth rate than individual bacteria. The functional form of the subpopulations reveal that the enhanced cluster growth is not surface mediated but rather is likely driven by an intrinsically higher division rate for clustered microbes. We further observe that microbes are not randomly distributed in the gut but rather are preferentially localized to particular regions. These findings demonstrate the existence of heterogeneity in both growth modes and growth locations that can serve as inputs to future models of gut communities and also lay the foundations for spatially resolved studies of interspecies interactions.
RESULTS

Bacterial growth kinetics.
To explore the dynamics of early microbial colonization of the zebrafish gut (Fig. 1A) , we inoculated germ-free larval zebrafish at 5 days post-fertilization (dpf) with enhanced green fluorescent protein (EGFP)-expressing A. veronii by introducing the bacteria to flasks containing free-swimming larvae (see Materials and Methods). Beginning approximately 1 h (50 to 75 min) after the start of inoculation, zebrafish were imaged (n ϭ 5 fish) using light sheet fluorescence microscopy at 25-minute intervals for up to 16 h.
Bacterial populations were quantified from fluorescence images as detailed in Materials and Methods. In principle, bacteria detected by fluorescence need not be living, viable cells (32, 33) . In separate fish, we therefore directly compared estimates of the intestinal bacterial population from our fluorescence imagingbased approach with plating-based measurements of colony forming units (CFU) from larval intestines dissected shortly after imaging. The latter method will report only viable cells. The two population estimates give similar values and show a roughly linear relationship with each other, with a proportionality close to 1, indicating that fluorescence microscopy is predominantly capturing signals from live bacteria (see Fig. S1 in the supplemental material). An extended discussion is provided in the text in the supplemental material.
The rapid start and long duration of imaging post-inoculation allowed quantification of intestinal bacterial populations that initiated with a few founding bacteria (Fig. 1B) and grew to many thousands ( Fig. 1C ; see also Video S1 in the supplemental material). The bacterial populations robustly exhibit dynamics typical of resource-limited growth (34) , with a lag phase of 1.6 Ϯ 1.7 h (mean Ϯ standard deviation [SD]) followed by an exponential phase and an apparent stationary phase when carrying capacity is reached ( Fig. 1D and E) . The stability of the population during lag phase suggests that there is negligible further bacterial influx into the intestine from the mouth or esophagus during the imaging period while the fish were mounted in agar, allowing population growth during imaging to be attributed to division of the initial colonizers and not immigration of new individuals. We find that the bacterial number (N) as a function of time (t) is well fit by a simple logistic growth model:
where r is the intrinsic growth rate and K is the carrying capacity of the gut. The measured growth rate is r ϭ 1.5 Ϯ 0.5 h Ϫ1 (mean Ϯ SD), corresponding to a doubling time of 28 Ϯ 9 min (mean Ϯ SD). The carrying capacity is highly variable among fish, ranging from K ϭ 1.9 ϫ 10 4 to 2.4 ϫ 10 5 in the specimens examined. However, rescaling the population size by K collapses the data measured in different zebrafish hosts onto similar curves (Fig. 1E) , indicating robust growth kinetics. We note that the bacterial population sometimes initially overshoots the carrying capacity (Fig. 1E) , indicating a time lag in bacterial response to their environment, as has been observed and studied in other ecological (35) and microbial contexts (36, 37) . The bacterial population at carrying capacity does not correlate in any meaningful way with the volume of the intestine (see Fig. S2 in the supplemental material and Materials and Methods), and it would be an interesting topic for future research to determine what aspects of the intestinal environment set the carrying capacity.
Growth dynamics of clusters and individuals.
Imaging the bacterial population in the gut reveals a high degree of heterogeneity in both the form and the spatial distribution of bacterial communities ( Fig. 1B and C ; see also Video S1 in the supplemental material). Throughout the observation period, individual bacteria as well as dense clusters are evident. Computational analysis ( Fig. 2A) enables quantification of the number of bacteria identified as discrete individuals (N i ) and the number found in clusters (N c ), the latter inferred from the total cluster fluorescence intensity relative to that of individuals (see Materials and Methods). We stress that N c refers to the total number of bacteria found in clusters, not the number of clusters. While both subpopulations grow with time (Fig. 2B) , the growth rate of N c is considerably higher than that of N i . Note that this higher growth rate could be driven by either an intrinsically higher division rate among clustered bacteria or a net migration of individual bacteria to clusters. In Fig. 2B , we plot the subpopulations in a representative zebrafish. Fitting to a logistic growth model gives a growth rate for clusters that is more than twice as large as that of individuals (r ϭ 1.53 Ϯ 0.04 h Ϫ1 and 0.69 Ϯ 0.26 h Ϫ1 , respectively). This feature is robust: in Fig. 2C , we plot the instantaneous growth rate of clusters (dN c / dt) against individuals (dN i /dt) for five zebrafish, each inoculated with a single exposure to A. veronii, excluding late times at which the populations have reached the carrying capacity. The data lie well above the dashed line of slope 1 that corresponds to identical growth rates for clusters and individuals, and the best-fit proportionality gives dN c /dt ϭ (1.43 Ϯ 0.04) dN i /dt.
An illustrative visualization of growth dynamics is obtained by plotting the number of clustered bacteria (N c ) against the number of individuals (N i ) at each point in time; each bacterial community follows a particular trajectory through this parameter space as it grows. The points in Fig. 2D represent the data from a single fish, the same considered in Fig. 2B , in this fashion. For exponentially growing clustered and individual populations with growth rates r c and r i , respectively, one would expect that log(N c ) should be proportional to log(N i ) with slope r c /r i (Fig. 2E ). We find a proportionality, with a logarithmic slope of 1. Importantly, the experimental control provided by gnotobiotic zebrafish allows investigation of whether bacterial growth dynamics are affected by colonization history. We inoculated germfree zebrafish with A. veronii expressing dTomato and then 3 h later performed a second inoculation with EGFP-expressing A. veronii, starting imaging shortly after the second inoculation (see Materials and Methods). If growth kinetics are altered by the existence of early colonizers, for example, if clusters of the first group seed clustering of the bacteria of the second, we would expect the two to follow different trajectories in parameter space. We find that the logarithmic slopes for the trajectories of the first and second groups (Fig. 2E ), 1.43 Ϯ 0.10 and 1.74 Ϯ 0.17, respectively, are similar but not identical within uncertainties (n ϭ 4 fish). The ratio of the second value to the first is greater than 1 (1.21 Ϯ 0.15), suggesting a slight enhancement of clustering due to the presence of prior colonizers of the gut. In contrast, measuring A. veronii growth rates in vitro in a shaking-flask culture, in which one would expect little bacterial aggregation, with a 3-h delay between the addition of GFP-expressing and dTomato-expressing A. veronii (see Materials and Methods), yields growth rates of r ϭ 1.04 Ϯ 0.28 h Ϫ1 and 1.10 Ϯ 0.14 h Ϫ1 , respectively, and therefore a ratio of growth rates of 0.95 Ϯ 0.28 (see Fig. S3 in the supplemental ma- terial). The higher growth rate of A. veronii in the intestine than in batch culture further indicates that the zebrafish intestinal environment provides favorable growth conditions for these bacteria.
Models of cluster growth. The consistently greater growth rate of bacterial clusters than individuals suggests a robust mechanism for enhanced cluster growth, raising the question of what processes can give rise to the observed characteristics. Two possible models are (i) that cluster growth is surface mediated, due, for example, to nutrient availability being maximal at the cluster boundary and decreasing deeper into the aggregate (38) , or due to cluster growth being driven by adhesion of free individuals at the cluster boundary, and (ii) that the bacterial division rate inside clusters is intrinsically higher than the division rate of free individuals, independent of geometry, perhaps due to bacterial quorum sensing of the enhanced local density (39, 40) .
Surface-mediated growth implies that the growth rate should be proportional to the surface area of the cluster. Since surface area scales as volume 2/3 :
Integrating this yields N c ϰ t 3 , giving the prediction that a loglog plot of N c versus time will have a slope of 3. In Fig. 3A , we show N c versus time for specimens inoculated with single bacterial groups. The dashed line indicates the predicted slope for this surface-mediated growth model, which agrees very poorly with the data. This scaling behavior will apply to any isometrically growing three-dimensional object. A flattened object, a biofilm for example, could grow by thickening or spreading. These would result in scaling forms of N c ϰ t for thickening (since the growth rate is given by the constant area of the film) and N c ϰ t 2 for spreading (perimeter-mediated growth), which would give an even poorer fit to the data. Moreover, for the bacteria examined, we do not find any evidence of biofilm-like morphology but rather three-dimensional "blobs." More sophisticated models of adhesion-driven aggregation also exist, falling into the general categories of diffusion-or reaction-limited colloidal aggregation (41); these also predict power-law forms for N c (t) and hence do not agree with our observations.
In contrast, a geometry-independent model implies that the cluster growth rate is simply proportional to the cluster population:
giving exponential growth, and further yielding the well-known logistic growth model upon the inclusion of a finite carrying capacity. The cluster population data are well fit by logistic growth curves (Fig. 3B) . We also note that the total number of clusters present in the intestine remains relatively small over the entire period examined, in the range of 10 to 50 for all specimens (see Fig. S4 in the supplemental material). In other words, the clustered population N c is distributed mainly among a small number of large clusters. The growth of N c is not, therefore, driven by many individuals dividing to form many small clusters.
Spatial distribution of bacteria. Image-derived spatial information allows us to determine whether colonization is homogeneous throughout the gut and whether any heterogeneity is time dependent. We first note from experiments with two time-offset inoculations, described above, that considerable spatial overlap exists between successive groups of A. veronii ( Fig. 4A and B ; see also Video S2 in the supplemental material).
To quantify this colocalization, we calculate the fractional overlap between clusters of the first and second groups (see Materials and Methods). A value of 1 indicates perfect overlap between the two groups. Because the acquisition of a 3D image of each of the two groups is offset in time by about 1 min and the clusters can be moved by peristalsis, we do not expect to find a perfect overlap between the populations even if they are in fact completely colocalized. The solid curves in Fig. 4C show the overlap for three twice-inoculated fish. (Data from one fish in which bacteria from the second inoculation showed no appreciable clustering, thereby prohibiting overlap analysis, are omitted.) The dotted curves and shaded areas show the means and standard deviations of the overlap calculated from simulations of two randomly distributed populations of the same overall density as the observed groups (see Materials and Methods). After the first few hours, we find a larger overlap than we would expect from chance, indicating that the two bacterial groups are considerably colocalized.
The large degree of colocalization between temporally offset colonizers could imply either that cluster growth is mediated by adhesion of bacteria to the surface of existing clusters or that, throughout the duration of early colonization, bacteria are preferentially colonizing particular locations in the gut. The former scenario is contradicted by the cluster growth analysis shown above (Fig. 3) . The latter is confirmed by our data. (While bacterial adhesion to existing clusters is not the main driver of cluster growth, individual bacteria may still be preferentially adhering to the surface of clusters.) We integrate the bacterial cluster population along cross sections of the gut perpendicular to the midline, yielding a one-dimensional population density along the anteriorposterior axis. In Fig. 4D and E, we plot this population density, averaged over all twice-inoculated fish, as a function of time since the initial inoculation. In all cases, the spatial distributions of bacteria are highly nonuniform, with bacteria preferentially occupying the middle and anterior regions of the intestine. While there are differences in the distributions of the two bacterial groups, they are coarsely similar. In Fig. 4F and G, we show the means and the first-to-third-quartile range of the population density, again highlighting that growth occurs largely in a restricted subset of the total available space.
DISCUSSION
The measurement of microbial growth kinetics in vitro has a long and well-established history (34, 42) . However, inside animals, the behavior of bacteria remains largely unknown, and the complexity of the living environment as well as the well-known variability of microbiome composition (12, 14) render it unclear a priori whether robust growth patterns for any gut microbes exist. Our imaging-based study provides the first detailed quantification of bacterial population dynamics inside a living vertebrate host. We find robust properties of colonization, namely, consistent growth rates of A. veronii between zebrafish hosts and growth kinetics that are well characterized by a simple logistic model.
More intriguingly, the spatial and temporal information provided by imaging uncovers two types of heterogeneity in gut bacterial populations: growth does not occur homogeneously throughout the gut but is rather preferentially localized in particular regions, and the growth rate of bacteria in aggregates is considerably larger than that of independent bacteria. The observed spatial inhomogeneity of bacteria may be an indicator of spatial inhomogeneity in the host environment, perhaps correlated with availability of glycans or other nutrients that could be mapped by biochemical assays (43) . The dominance of clusters in the observed population dynamics and the inconsistency of cluster growth with surface-mediated aggregation models suggest that bacteria in aggregates may sense the enhanced local population density to trigger a higher division rate (40) . As in in vitro bacterial biofilms (44) , aggregation may provide benefits to bacteria with respect to protection from chemical and biological threats in the gut environment (45) .
Of course, these data describe only the growth dynamics of a gut consisting of a single species rather than the many-species environments of natural digestive tracts. Notably, experiments examining few-species colonization of animals such as leeches (46) and mice (47) indicate nontrivial symbiont-symbiont interactions (46) as well as species-specific colonization factors that regulate sequential occupancy of the gut (47) . In vitro, work on interacting bacteria species shows intriguing relationships between spatial structure and population dynamics (48) (49) (50) .
Our observations should serve as a foundation for informative spatially and temporally resolved multispecies studies using gnotobiotic zebrafish. By quantifying growth rates, spatial distributions, and characteristics of aggregate or dispersed groups, and contrasting microbial species' behavior in isolation with that observed in combination with others, the phenomenology of interspecies interactions can be mapped and parameterized onto predictive models of gut microbial systems.
MATERIALS AND METHODS
All experiments involving zebrafish were performed according to protocols approved by the University of Oregon Institutional Animal Care and Use Committee.
Fluorescent bacteria. We constructed Aeromonas veronii HM21, expressing either enhanced green fluorescent protein (EGFP) or dTomato genes under the tac promoter. Each fluorescent protein sequence was inserted into a pTn7 plasmid (51) , which utilizes the Tn7 transposon insertion sites for targeted insertion of the gene of interest. The plasmids were transformed into Escherichia coli, which was conjugated with A. veronii as previously described (21, 22) , resulting in chromosomal insertion of the fluorescent protein gene. The strain used was isolated from the medicinal leech Hirudo verbana.
Gnotobiotic zebrafish. Zebrafish embryos were derived germ-free (GF) as previously described (15, 52) . Twenty to thirty GF embryos were housed in sterile tissue culture flasks containing 50 ml of embryo medium. At 5 days post-fertilization (dpf), the fish were inoculated with A. veronii expressing EGFP. The inoculums were prepared from liquid cultures and added directly to the embryo medium to a final concentration of 10 6 CFU/ ml. All manipulations to the GF flasks were done under a class II A/B3 biological safety cabinet. The flasks were kept at 28°C until bacterial colonization of individual larvae was analyzed.
In vitro bacterial growth rate measurement. The in vitro growth rate of A. veronii was measured by adding, at equal concentrations but with a 3-h delay in the time of inoculation, dTomato-expressing and EGFPexpressing A. veronii to the same test tube containing 10 ml of Luria broth (LB). The experiment was done in triplicate. The concentration of the bacterial cultures was monitored throughout the experiment through spectrophotometry and plating on medium with selective antibiotics in order to quantify the CFU of each strain separately. A 50-l sample of the culture was taken every 30 or 60 min for these purposes. The number of CFU was determined for each strain separately by plating several dilutions of each culture sample onto LB agarose plates containing either 10 mg/ml of gentamycin to quantify HM21 dTomato or 100 mg/ml of trimethoprim to quantify HM21 EGFP. These plates were incubated overnight at 30°C, and plates with single-colony numbers between 30 and 200 were used for calculating the CFU of each strain at each time point.
Light sheet fluorescence microscopy. Our home-built light sheet fluorescence microscope closely follows the design of Keller et al. (24); see also reference 23. Sheet illumination was provided by rapidly scanning the beams of a 488-nm (50-mW) and a 561-nm (20-mW) Coherent sapphire CW laser (Coherent, Santa Clara, CA) to excite EGFP and dTomato, respectively. Detection was performed using a Zeiss W Plan-Apochromat 40ϫ/1.0 differential inference contrast (DIC) objective lens and a pco.edge scientific CMOS camera (PCO, Kelheim, Germany). The emission filters used for EGFP and dTomato imaging are 525/50 nm and 620/ 60 nm (wavelength/bandwidth), respectively (Chroma, Bellows Falls, VT).
Our setup can image the entire larval zebrafish gut, with an approximate volume of 1,200 by 300 by 150 m, in two colors with 1-m steps between planes, in roughly 90 s, a speed that allows us to make out individual motile bacteria in the gut and also to image faster than peristalsisinduced blurring. The exposure time for each plane in all image stacks was 30 ms, with 1-m steps between planes.
We wrote all microscope control and image acquisition software in MATLAB and Cϩϩ.
Specimen mounting and imaging protocols. Individual larval zebrafish were pulled into small glass capillaries containing a 0.5% agarose gel, using a metal plunger that was coated with a thin layer of methyl cellulose in order to limit sample drift during mounting and imaging. After the gel set, the fish were slightly extruded from the capillary and immersed in our sample chamber. Our microscope design allows imaging of multiple samples in series, via the mounting of six capillaries along a line diagonal to the light sheet plane. The microscope specimen chamber contains embryo medium, held at 28°C. Fish are imaged at 5 dpf at intervals of 20 to 25 min, for durations of up to 18 h.
Because the gut, with a length of approximately 1,200 m, is larger than the field of view of our microscope, we imaged the gut in 4 subregions and then registered the images later via custom software.
Quantifying bacterial population in the zebrafish gut. In order to quantify the number of bacteria inside the zebrafish intestine, we are faced with a variety of image processing challenges. The large size of the data sets, both in the number of time points sampled and the number of images in the full 3D volume of the gut, makes it prohibitively difficult to manually count the number of bacteria present in the gut. We therefore developed a semiautomated analysis pipeline, written in MatLab, to robustly estimate bacterial abundance.
(i) Preprocessing images. Using the maximum intensity projection (MIP) of the gut, we manually outline both the approximate extent of the gut and the center of the gut for all time points (see Fig. S5A in the supplemental material). We exclude from our analyses bacteria found posterior of a zone of autofluorescent host cells near the posterior of the gut, i.e., close to the vent, to avoid counting bacteria located outside the intestine.
(ii) Single bacteria detection. When the gut is relatively empty of bacteria, clusters are rare, and bacteria appear as punctate objects. Simple techniques for spot extraction, such as using a global intensity threshold, fail, because both background and object signals can vary in intensity over space and time. We therefore use a wavelet-based algorithm (53) that is less sensitive to variable backgrounds. We locate all detected regions in the 3D volume above an intensity and size threshold, giving a list of potential bacteria, for each of which we note the location, intensity, area, and aspect ratio. This list includes both bacterial cells and false positives, such as host cells and mucus in the gut lumen. To distinguish these, we use a machine learning approach, using a support vector machine classifier (54) . We manually construct a training set containing both bacteria and other sources (such as host cells), which we use to build a classifier for our data. We tune our classifier such that the number of false negatives is considerably larger than the number of false positives and then manually inspect our images to remove these false positives. This manual pruning of the data is important early in the time series, when there are very few bacteria relative to the autofluorescent host cells. Spot detection software was adapted from code made available by the lab of Gaudenz Danuser.
(iii) Cluster identification. To identify clusters of bacteria, we first apply image segmentation methods to the MIP images. We estimate the predicted intensity of the background autofluorescent signal at given points in the gut by calculating the histogram of pixel intensity in 5-m boxes perpendicular to the gut axis (see Fig. S5B in the supplemental material) and finding peaks in this histogram. We then consider regions for which the intensity is above the mean predicted background intensity at that location in the gut. In each of these regions, we then apply an intensity-based threshold to define a marker for each of the clusters and then segment the image with a graph cut segmentation algorithm (55) . We add to this mask all bacteria found from our spot detection algorithm that do not meet the intensity threshold for clusters. The resulting mask defines all the regions in the MIP that contain bacteria. To identify statistical features of each of these, we apply an intensity threshold on the full 3D volume for each of the regions with a cutoff given by the mean intensity at the edge of the found region in the MIP and then calculate the total integrated fluorescence intensity. An alternative method to quantify the population of bacteria is to find the volume above our intensity cutoff occupied by each cluster. We show in Fig. S6 in the supplemental material the volume of segmented clusters versus total integrated intensity for a representative fish, which scales with an exponent of 1.103 Ϯ 0.004. This scaling is close to linear scaling of cluster volume with integrated intensity, indicating that these approaches are nearly equivalent.
(iv) Cluster and individual discrimination. While the above-given approach identifies discrete individual bacteria as well as clusters, additional manual input improves the robust discrimination of the two types. For each color channel, we manually determine an intensity cutoff that distinguishes clusters from individuals in a subset of scans. We then normalize the total integrated intensity of each region containing bacteria by the average intensity of all regions identified as individuals to determine the number of bacteria in each cluster.
Model fitting. Nonlinear least-squares minimization was used to fit the population data to a logistic growth model. The residuals were weighted by the standard deviation of local population values within a 40-to 50-minute window. As necessary, the end of lag phase and the time range over which we fit the data are fixed manually.
Spatial overlap. To simulate the approximate fractional overlap that would occur if no spatial correlation existed between the two bacterial groups, we first calculated, for both groups and all time points, the area of all clusters in the MIP. For each of these clusters, we randomly placed a circle with the same area in a plane of total area equal to that of the MIP of the outlined gut. The fractional overlap between circles of the two groups of clusters was then calculated for 100 trials to determine the mean and distribution of the overlap fraction.
Intestinal volume estimation. To estimate the volume of the intestine, we manually outlined the intestine for all imaged planes for a repre-sentative scan toward the end of each time series. We used the autofluorescent signal from the intestinal wall as an edge marker.
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